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1.  INTRODUCTION 


The  Bulk-Loaded  Liquid  Propellant  Gun  (BLPG)  concept  remains  attractive  to  today’s  Army 
because  it  offers  the  advantages  of  any  liquid  propellant  (LP)  system,  including:  improved 
efficiency  in  the  logistics  chain,  decreased  cost  of  propellant  production,  reduced  system 
vulnerability,  and  an  opportunity  for  higher  charge  loading  densities  (Morrison,  Knapton,  and 
Bulman  1988).  Perhaps  more  importantly,  it  also  adds  mechanical  simplicity  when  compared 
to  the  regenerative  liquid  propellant  gun  (RLPG)  system  (Pate  and  Magoon  1985;  Mandzy  et 
al.  1983;  Magoon,  Haberl,  and  Purtee  1989;  Mandzy,  Cushman,  and  Magoon  1987).  However, 
the  BLPG  has  a  long  history  of  performance  variability,  including  numerous  overpressures  and 
system  failures.  The  basic  problem  is  that  the  combustion  process  depends  on  hydrodynamic 
instabilities  rather  than  on  a  preformed  propellant  geometry  to  define  burning  surface. 
Morrison,  Knapton,  and  Bulman  (1988)  found  that  small  differences  in  ignition  stimulus.  Initial 
ullage,  or  shot  start  pressure  may  influence  these  instabilities  in  such  a  way  as  to  amplify  their 
influence  tremendously  on  the  combustion  process  and  the  overall  ballistic  event.  This 
reference  gives  an  excellent  historical  overview  of  LP  guns  and  summarizes  the  traditional 
understanding  of  the  BLPG  processes.  In  addition  it  offers  an  extensive  bibliography  of  BLPG 
research. 

One  approach  to  overcome  the  traditional  BLPG  problem  is  to  develop  the  methodology 
that  reduces  the  amplification  of  the  early  instabilities  and  hence  makes  the  system  tolerant  of 
minor,  yet  unavoidable,  variations  in  initial  conditions.  To  this  end,  a  program  was  initiated  at 
the  Army  Research  Laboratory  (ARL)  to  investigate  the  use  of  segmented-chamber  configura¬ 
tions  to  control  the  ballistic  variability  in  BLPGs.  A  series  of  gun  firings  were  performed  in  a 
37-mm  BLPG  using  OTTO  II  monopropellant.  Results  of  these  tests  indicate  that  a  piston  radial 
igniter  and  a  solid  propellant  booster  with  various  segmented-chamber  concepts  are  favorable 
in  controlling  the  combustion  evolution  and  ballistic  stability  in  this  gun  system.  Subsequent 
37-mm  gun  firings  designed  to  investigate  the  feasibility  of  achieving  the  same  results  using  a 
hydroxylammonium  nitrate  (HAN)-based  propellant  (XM46)  were  performed.  Results  of  these 
tests  indicated  that  XM46  (previously  designated  LGP  1846)  is  more  difficult  to  ignite  in  this 
system  than  OTTO  II  monopropellant.  This  report  describes  the  system  configuration  and  test 
results  that  made  use  of  segmented-chamber  configurations  to  control  the  combustion 
evolution  and  ballistic  stability  in  the  37-mm  gun  using  OTTO  II  monopropellant.  Test  results 
using  XM46  in  the  same  configuration  are  also  presented  and  future  plans  are  discussed. 
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2.  METHODOLOGY 


A  typical  BLPG  system  has  often  been  characterized  in  literature  as  consisting  of  a 
near-bore  diameter  cylindrical  combustion  chamber,  a  projectile  seated  at  the  forward  end  of 
the  combustion  chamber  just  inside  the  barrel,  and  an  igniter  at  the  breech.  This  classical 
BLPG  configuration  features  the  utmost  in  mechanical  simplicity  but  offers  few  means  to  control 
and  stabilize  the  ignition  and  combustion  processes  and  the  associated  fluid  dynamics  and 
combustion  instabilities  characteristic  of  BLPGs  (Comer,  Shearer,  and  Jones  1963).  Unlike 
the  solid  propellant  combustion  process  in  which  the  burning  rate  depends  on  a  predefined 
propellant  geometry  to  determine  burning  surface  and  progressivity,  the  ignition  and  combus¬ 
tion  process  of  LP  is  initially  characterized  by  the  growth  and  geometry  of  an  ignition  bubble 
and  combustion  gas  cavity  (Comer  1976),  analogous  to  the  motion  of  a  gas  cavity  in  a 
gravitational  field  (Davies  and  Taylor  1950;  Taylor  1950).  After  this  cavity  reaches  the  projectile 
base,  an  annulus  of  liquid  remains  on  the  chamber  walls.  Combustion  gases  flowing  at  high 
velocities  through  this  annulus  results  in  turbulent  mixing  of  the  liquid  and  gas  at  the  inner 
surface  of  the  annulus.  This  turbulent  mixing  is  commonly  referred  to  as  the  Helmholtz 
instability  (Helmholtz  1868).  These  instabilities  may  grow  and  cause  some  of  the  liquid  to  break 
off  and  form  droplets,  which  drastically  changes  the  amount  of  surface  area  available  for 
combustion,  causing  poor  system  repeatability.  It  has  been  experimentally  demonstrated  that 
small  differences  in  ignition  stimulus,  initial  ullage,  or  shot  start  pressure  may  influence  these 
instabilities  in  such  a  way  as  to  amplify  their  influence  on  the  combustion  process  and  the 
overall  ballistic  event  (Morrison,  Knapton,  and  Bulman  1988). 

As  mentioned  in  the  introduction,  a  general  approach  to  overcome  the  traditional  BLPG 
instability  problems  is  to  develop  a  methodology  to  reduce  the  amplification  of  the  early 
instabilities  and  hence  make  the  system  tolerant  of  minor,  yet  unavoidable,  variations  in  initial 
conditions.  The  approach  presented  in  this  report  is  to  segment  the  combustion  chamber  into 
several  smaller  subchambers  in  an  effort  to  decrease  the  amplification  of  the  instabilities,  and 
thereby  control  ballistic  variability  in  BLPGs.  The  premise  for  segmenting  the  combustion 
chamber  is  that  random  variations  occurring  in  the  subchambers  will  cancel,  or  at  least  not 
reinforce  one  another,  significantly  reducing  the  overall  system  sensitivity  to  minor  variations 
in  initial  conditions.  In  addition,  the  added  boundary  conditions  due  to  the  many  subchambers 
may  provide  needed  preformed  surface  area  to  allow  the  propellant  to  burn  more  uniformly. 
This  concept  is  based  on  a  United  States  patent  entitled  "Combustion  Sub-channels  for 
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Bulk-Loaded  Liquid,"  which  asserts  that  "the  gas  and  pressure  produced  in  each  sub-chamber 
will  be  ejected  into  the  common  volume  located  forward  of  their  open  ends  and  aft  of  the 
projectile  base,  where  their  individual  contribution  to  the  propelling  pressure  will  be  summed, 
and  their  variations  averaged"  (Puckett  1990).  The  patent  was  a  conceptual  one  that  offered 
no  experimental  data  in  support  of  the  assertion.  For  comparison,  various  small-caliber  BLPG 
systems  have  been  developed  (^7.62  mm)  that  exhibit  acceptable  performance  and 
repeatability,  but  only  for  small  firing  groups  under  controlled  laboratory  conditons  (Knapton, 
Stobie,  and  Comer  1976). 

A  study  of  literature  yielded  very  little  information  concerning  past  attempts  to  experimen¬ 
tally  explore  the  segmented-chamber  concept.  Redel  Inc.  (1956)  briefly  described  an  attempt 
to  use  a  "four-holed  honeycomb"  in  a  20-mm  BLPG.  The  pressure-time  curve  exhibited  the 
elimination  of  the  traditional  double  hump,  but  they  were  unable  to  draw  any  conclusions  from 
the  single  test.  No  further  details  or  investigations  were  discussed.  Gemershausen,  Schmitt, 
and  Reinelt  (1986)  discussed  segmentation  of  the  igniter  cavity  region,  however,  the  combus¬ 
tion  chamber  was  configured  in  the  traditional  BLPG  fashion.  As  with  the  case  of  the  20-mm 
"honeycomb"  chamber,  no  significant  developments  were  noted.  Based  upon  the  apparent 
lack  of  a  thorough  evaluation  of  the  concept,  the  ARL  began  an  experimental  program  to 
investigate  the  assertion  that  segmenting  the  combustion  chamber  of  a  BLPG  will  control  the 
variabilities  in  the  ballistic  process  (Talley  and  Owczarczak  1992). 

3.  EXPERIMENTAL 

3.1  Gun  System.  Testing  of  the  segmented-chamber  BLPG  concept  was  performed  in  a 
37-mm  antitank  gun,  designated  M3  in  the  Army  inventory.  A  sketch  of  the  gun  chamber  is 
shown  in  Figure  1 .  The  chamber  has  a  chambrage  region  as  shown  in  the  figure.  The  gun 
tube  consists  of.  12  equally  spaced,  right-hand  lead  grooves  with  48  calibers  of  travel.  This 
weapon  was  chosen  because  it  offered  sufficient  chamber  volume  to  allow  effective  segmen¬ 
tation  while  at  the  same  time  facilitating  testing  with  a  reasonable  projectile  mass  and  propelling- 
charge-to-mass  ratio  (projectile  mass  =  447  g,  C/M =0.33 ).  In  addition,  it  was  also  convenient 
because  it  had  a  sliding  breech  mechanism  that  allowed  easy  loading  of  the  round.  However, 
one  major  drawback  was  the  maximum  pressure  envelope  safety  rating  of  450  MPa,  which 
was  based  on  a  soldier  standing  behind  the  weapon  and  pulling  a  lanyard.  Given  the  ratio  of 
the  outside-to-inside  diameter  of  the  combustion  chamber,  it  was  decided  that  the  pressure 
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envelope  could  be  extended  to  nearly  550  MPa  without  damage  to  the  weapon.  Since  these 
studies  were  to  be  performed  at  a  relatively  low  performance  level  and  were  designed  to 
establish  the  merits  of  the  segmented-chamber  concept,  the  investigators  deemed  the  fixture 
acceptable  for  testing. 


Figure  1.  37-mm  Gun  Used  for  Segmented-Chamber  BLPG  Testing. 


3.2  Propellant.  OTTO  II  monopropellant  was  chosen  as  the  LP  for  testing.  The  decision 
to  use  OTTO  II  monopropellant  was  based  on  the  realization  that  this  propellant  is  easier  to 
ignite  than  other  candidate  propellants  (T ravis,  Knapton,  and  Morrison  1986)  and  seems  to  be 
less  prone  to  excessive  pressures.  The  thermochemical  properties  of  OTTO  II  monopropellant 
are  given  in  Table  1  along  with  those  of  XM46,  which  are  included  for  comparison  purposes, 
it  was  planned  that  later  tests,  pending  an  evaluation  of  the  tests  with  OTTO  II  monopropellant, 
would  be  performed  with  XM46. 
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Table  1.  Properties  Of  Candidate  Liquid  Propellants. 


Composition 

LP 

Fuel  (%Wt) 

Oxidizer  (%Wt.) 

Diluent  (%Wt.) 

Density 

(9/cc) 

Impetus 

(J/9) 

Rame 

Temp.  (K) 

Gamma 

OTTO  II 

1,2  Dinitroxypropane  (76) 

Di‘N-butyl  sebacate  (22.5) 

2  nitrodiphenylamine  (1.5) 

1.23 

866 

1,986 

1.266 

XM46 

THAN  (19.2) 

HAN  (60.8) 

Water  (20) 

1.43 

898 

2.469 

1.223 

3.3  Igniter  Three  main  attributes  were  identified  that  an  igniter  needed  to  have  to  be 
acceptable  for  our  study.  The  first  requirement  was  that  the  igniter  be  one  that  had  been 
experimentally  demonstrated  to  ignite  LP  reliably  in  a  medium-caliber  BLPG.  The  second,  and 
most  important,  was  that  it  should  be  capable  of  igniting  the  LP  in  each  of  the  subchambers 
simultaneously.  The  third,  although  not  a  necessity,  was  that  the  pressure  rise  rate  be  much 
slower  than  a  traditional  BLPG  rise  rate,  yet  strong  enough  to  reliably  ignite  the  LP.  Knapton 
and  Stobie  (1979)  had  demonstrated  the  use  of  a  piston  radial  igniter  in  effectively  igniting 
NOS-365  propellant.  Figure  2  shows  a  drawing  of  the  piston  radial  igniter  and  stub  case 
adapter.  The  stub  case  adapter  replaces  the  case  base  of  a  standard  solid  propellant  round 
and  is  used  to  house  the  M52A3B1  electrical  primer  as  well  as  the  piston  radial  igniter. 
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Under  initial  conditions  a  circular  steel  disk  covered  with  a  silicon  rubber  sealed  each  of 
the  five  holes  in  the  body  of  the  igniter.  IMR  4350  single-perforation  solid  propellant  was  loaded 
into  the  free  volume  of  the  igniter,  which  was  then  screwed  into  the  stub  case  adaptor.  Upon 
initiation  of  the  M52A3B1  electrical  primer,  the  hot  gases  from  the  l\/I52A3B1  ignite  the  IMR 
4350.  This  event  forces  the  steel  disk  forward,  uncovers  the  igniter  vent  holes,  and  simul¬ 
taneously  vents  hot  gases  from  the  igniter  radially  into  the  combustion  chamber.  The  piston 
radial  igniter  was  chosen  over  an  axial  igniter  because  it  was  deemed  more  likely  to  ignite  all 
the  subchambers  uniformly.  This  igniter  met  all  of  the  criteria  outlined  previously  except  for 
the  lower  pressure  rise  rate.  The  free  volume  in  the  igniter,  including  the  vent  hole  from  the 
M52A3B1  to  the  IMR  4350,  is  2.17  cc  before  the  movement  of  the  piston,  and  2.46  cc  after  the 
piston  has  come  to  rest.  Therefore,  for  loading  density  calculations  in  the  piston  radial  igniter, 
a  volume  of  2.46  cc  was  used.  Open-air  tests  were  performed,  and  high-speed  photography 
(7,000  frames  per  second)  was  used  to  demonstrate  the  uniform  venting  characteristics  of  the 
igniter.  Based  on  these  tests,  it  was  felt  that  the  igniter  would  satisfy  the  first  two  requirements 
outlined  previously.  The  third  requirement  will  be  addressed  later  in  this  report. 

3.4  Chamber  Inserts  .  The  manner  chosen  to  effect  the  chamber  segmentation  was 
through  the  use  of  nylon  chamber  inserts  (Talley  and  Owczarczak  1992).  Figure  3  shows  the 
three  designs  used  (drawings  not  to  scale).  Figure  3a  shows  a  simple  cylindrical  chamber 
insert  designed  to  allow  baseline  testing  of  a  traditional  BLPG  sytem.  The  primary  purpose  of 
this  insert  was  to  provide  a  baseline  for  performance  comparisons  with  the  segmented-cham- 
ber  designs  and  to  demonstrate  whether  segmenting  the  chamber  of  a  BLPG  changed  the 
interior  ballistic  process.  The  insert  was  designed  to  allow  the  same  propellant  volume  (29  cc) 
as  the  segmented-chamber  designs  shown  in  Figures  3b  and  3c.  Figure  3b  shows  a  simple 
segmented-chamber  design  consisting  of  three  holes  of  equal  diameter  in  the  nylon  insert. 
Figure  3c  shows  a  transitioned  segmented-chamber  design  that  was  angled  at  the  igniter  end 
in  an  effort  to  more  efficiently  couple  the  igniter  gases  to  each  of  the  subchambers  simul¬ 
taneously. 

Figure  4  shows  a  drawing  of  the  system  configuration  with  the  simple  cylindrical  insert  in 
the  chamber.  As  can  be  seen  in  the  figure,  the  insert  stops  at  the  chambrage  region  and  does 
not  extend  to  the  base  of  the  projectile.  The  purpose  for  this  design  feature  was  to  ensure  a 
stationary  boundary  during  early  combustion  and  to  eliminate  the  possibility  that  the  insert 
would  be  forced  down  the  gun  tube  during  firing.  The  goal  was  to  impart  all  of  the  system 
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6.04 


(C) 

Figure  3.  Chamber  Insert  Configurations,  a)  Simple  Cylindrical  Chamber  Insert,  b)  Simple 
Segmented-Chamber  Insert,  and  c)  Transitioned  Segmented-Chamber  Insert. 


energy  on  the  base  of  the  projectile  and  eliminate  any  possibility  of  doing  work  on  the  chamber 
insert.  At  the  igniter  end,  a  practical  implication  of  using  a  chamber  insert  to  segment  the 
chamber  becomes  apparent.  It  appears  that  one  could  extend  the  simple  cylindrical  chamber 
insert  to  the  rear  of  the  chamber.  However,  since  the  relatively  large  piston  radial  igniter  would 
prohibit  this  with  the  segmented-chamber  inserts,  it  was  not  done  for  the  baseline  configuration 
shown.  There  was  a  relatively  large  volume  (58  cc)  in  the  rear  of  the  chamber  that  was  empty. 
It  was  deemed  undesirable  to  fill  this  area  with  LP  because  of  the  large  step  function  when 
transitioning  forward  into  the  chamber  insert;  therefore  we  needed  to  fill  at  least  a  portion  of 
this  volume.  In  studies  performed  by  Knapton  and  Stobie  (1979)  and  Knapton  et  al.  (1978),  it 
was  demonstrated  that  placing  a  Breech  Face  insert  (BFI)  at  the  rear  of  the  chamber  decreased 
the  maximum  chamber  pressure  in  38.8-mm  BLPG  firings.  By  placing  a  BFI  at  the  rear  of  the 
chamber,  a  portion  of  this  volume  could  be  eliminated.  However,  the  size  of  the  BFI  was  limited 
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by  the  venting  process  of  the  piston  radial  igniter  and  only  eliminated  10  cc  of  the  free  volume, 
leaving  48  cc  of  open  air  volume. 

Earlier  in  this  report,  three  requirements  for  an  igniter  were  outlined.  The  first  two  (reliability 
and  uniform  ignition)  were  addressed  at  that  time  and  the  third  was  left  until  now.  It  was 
desirable  for  the  early  pressure  rise  rate  to  be  much  more  gentle  than  that  of  a  traditional  BLPG 
pressure-time  profile.  It  was  expected  that  if  one  were  to  place  a  donut  of  solid  propellant 
booster  charge  in  the  open  volume  at  the  rear  of  the  chamber,  the  igniter  would  then  vent  into 
solid  propellant,  providing  a  much  more  gentle  pressure  rise  rate  and  in  effect  allowing  a  great 
deal  more  control  over  the  early  portion  of  the  ballistic  cycle.  The  unknown  effect  was  how 
well  the  large  solid  propellant  igniter  would  couple  to  the  LP  charge  in  the  forward  portion  of 
the  chamber.  The  insertion  of  this  solid  propellant  donut  into  the  open  air  volume  in  the  rear 
of  the  chamber  proved  to  be  very  advantageous.  Figure  5  shows  the  system  configuration 
after  the  insertion  of  the  BFI  and  the  donut  of  solid  propellant.  Note  that  a  paper  diaphragm 
is  used  to  keep  the  LP  contained  in  the  insert  and  forward  chambrage  region.  The  total  amount 
of  LP  used  is  approximately  1 24  cc. 


Breech  Ring 

\ 


149.0 


33.0 


23.0 


49.5 


Figure  4.  Initial  System  Configuration. 
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49.5 


149.0 


Breech  Face  Insert 

Piston  Radial  Igniter 


-  33.0  - 


23.0 


All  Dimensions  in  mm 


Solid  Propellant  Donut 


37-mm 

Projectile 


Figure  5.  System  Configuration  After  Insertion  of  Breech  Face  Insert  and  Donut  of  Solid 

Propellant. 


3.5  Instrumentation.  Pressure  measurements  were  taken  in  the  fixture  using  Kistler  607C4 
piezoelectric  pressure  transducers  at  the  locations  noted  in  Figure  6.  It  was  not  possible  to 
measure  the  pressure  at  the  igniter  end  of  the  chamber  because  of  the  manner  in  which  the 
breech  ring  of  the  weapon  attached  to  the  chamber.  Pressure  ports  P1  and  P2  were  covered 
by  the  chamber  insert  and,  subsequently,  a  hole  3. 1 75  mm  in  diameter  was  drilled  in  the  insert 
and  was  filled  with  grease  to  prohibit  LP  from  leaking  out  of  the  insert.  P3  was  located  at  the 
top  of  the  chambrage  and  was  used  as  the  port  through  which  the  LP  was  loaded  into  the 
chamber.  A  syringe  was  used  to  inject  the  LP.  As  the  LP  was  injected,  the  air  in  the  chamber 
was  displaced  back  through  the  pressure  port.  Once  full,  a  cotton  swab  was  used  to  clean 
excess  LP  out  of  the  pressure  port.  A  35-GHz  microwave  interferometer  was  used  to  measure 
projectile  dispacement  and  processed  in  real  time  to  obtain  a  projectile  muzzle  velocity 
(Rosenberger  and  Martz  1992).  For  each  cycle  of  the  interferometer,  the  projectile  moved 
4.226  mm.  The  muzzle  velocity  was  verified  using  a  series  of  break  screens,  located  3.5  m  to 
7.5  m  from  the  muzzle  of  the  gun,  and  counters  to  measure  the  time  of  projectile  passage. 
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Chamber  Liner 

Figure  6.  Pressure  Transducer  Port  Locations. 


3.6  Simple  Cylindrical  Chamber  Insert  Tests.  Three  rounds  were  fired  using  the  simple 
cylindrical  chamber  insert  shown  in  Figure  3a.  System  parameters  for  each  of  the  three  rounds 
are  shown  in  Table  2.  The  projectile  was  then  loaded  into  the  gun  followed  by  the  simple 
cylindrical  chamber  insert,  which  had  a  paper  diaphragm  at  the  igniter  end  of  the  insert.  LP 
was  then  injected  into  the  chamber  using  a  syringe  as  described  earlier.  In  each  case,  a  bead 
of  silicone  sealant  was  placed  around  the  rotating  band  of  the  projectile  to  act  as  a  low-pressure 
seal  to  keep  the  LP  from  leaking  around  the  projectile.  Once  positive  assurance  of  no  leaks 
was  obtained  by  inspecting  the  rear  chamber  and  the  projectile-barrel  interface,  the  solid 
propellant  donut  booster  charge,  BFI,  igniter,  and  stub  case  were  inserted  into  the  chamber 
and  the  breech  was  closed. 

Table  2.  System  Parameters  for  Simple  Cylindrical  Chamber  Insert  Test  Series. 


Round  No. 

LP 

LP  Volunne  (cc) 

LP  Mass  (g) 

Projectile  Mass  (g) 

Propellant  Mass 

in  Igniter  (g) 

Propellant  Mass 

in  Booster  (g) 

5 

OTTO  II 

123 

151.3 

457 

0.8063 

15.2 

6 

OTTO  II 

123 

151.3 

457 

0.8046 

15.2 

7 

OTTO  II 

123 

151.3 

457 

0.8077 

15.2 
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Figure  7  shows  the  pressure-time  results  from  the  P3  pressure  location  (just  forward  of  the 
insert).  As  can  be  seen  from  the  figure,  the  ignition  delays,  as  referenced  from  the  time  the 
electrical  energy  is  delivered  to  the  M52A3B1  primer,  vary  as  much  as  12  ms.  However,  if  the 
pressure-time  curves  are  plotted  without  consideration  to  the  ignition  delay,  as  in  Figure  8, 
they  overlay  quite  nicely.  The  reason  for  the  delay  is  believed  to  be  the  large  air  volume  in  the 
rear  of  the  charge,  or  the  tissue  that  is  used  to  contain  the  IMR  4350  solid  propellant  donut. 
As  can  be  seen  from  the  figure,  the  solid  propellant,  responsible  for  the  initial  pressure  rise, 
couples  quite  well  to  the  LP  as  is  evident  by  the  reproducible  rise  rate  of  the  pressure-time 
curves.  In  addition,  the  curves  exhibit  the  double  hump  of  a  traditional  BLPG  pressure-time 
curve;  however  they  appear  to  be  uncharacteristically  well  behaved.  It  should  be  noted  here 
that  the  double-humped  behavior  exhibited  in  BLPGs  is  typically  not  repeatable  because  it  is 
thought  that  it  is  generated,  at  ieast  in  part,  by  Helmholtz  mixing  and  is  thought  to  be  responsible 
for  variability  in  ballistic  performance.  To  gain  control  of  the  BLPG  ballistic  process,  it  will  be 
neccessary  to  further  understand  the  genesis  and  evolution  of  the  double  hump.  Table  3  shows 
a  performance  comparison  for  the  three  shot  series  using  the  simple  cylindrical  chamber  insert. 
This  series  was  used  as  a  baseline  for  comparison  with  the  segmented-chamber  tests. 


Simple  Cy  I  i'ndz' lea  I  Chamber  Insert  (Not  Segmented) 


Rounds  5,  &  7  (Actual  Ignition  Delay) 


Figure  7.  Simple  Cylindrical  Chamber  Insert  Test  Results. 


Simple  Cy  1  indr* ica  1  Chambex*  Insert  CMot  Segmented) 
Rounds  5j  6,  &  7  (Compensated  For  Ignition  Delay) 


Figure  8.  Simple  Cylindrical  Chamber  Insert  Test  Results  Compensated  for  Ignition  Delay. 
Table  3.  Performance  Comparison  for  Simple  Cylindrical  Chamber  Insert  Test  Series. 


Round  No. 

Maximum  Chamber  Pressure  -  P3  (MPa) 

Velocity  (m/s) 

5 

133 

800 

6 

124 

778 

7 

136 

801 

Average 

131 

793 

Standard  Deviation 

6.2  (4.8%) 

13.0  (1.6%) 

3.7  Simple  Seamented-Chamber  Insert  Tests.  A  total  of  four  rounds  were  fired  using  the 
simple  segmented-chamber  insert  shown  in  Figure  3b.  System  parameters  for  each  of  the 
four  rounds  are  shown  in  Table  4.  In  each  case,  both  the  round  and  the  charge  were  loaded 
in  exactly  the  same  manner  as  in  the  case  of  the  simple  cylindrical  chamber  insert  tests. 
Pressure-time  curves  for  each  of  the  four  rounds  are  shown  in  Figure  9.  As  can  be  seen  from 
the  figure,  Round  09  was  an  outlier  that  displayed  not  only  a  much  longer  ignition  delay,  but 
also  evidence  of  a  higher  chamber  pressure.  There  was  evidence  of  a  possible  leak  in  the 
chamber  upon  inspection  of  the  fixture  after  the  test,  but  no  conclusive  reason  could  be  found 
to  explain  the  results.  However,  if  we  again  plot  the  pressure-time  curves  without  consideration 
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for  the  time  delay,  the  early  portion  of  the  curves  overlay,  including  the  outlier,  as  shown  in 
Figure  10.  If  we  eliminate  Round  09,  the  curves  overlay  reasonably  well  up  to  maximum 
pressure  as  shown  in  Figure  1 1 .  Another  important  feature  that  the  plots  exhibit  is  that  the 
shape  of  the  curve  at  peak  pressure  is  slightly  different  from  that  of  the  simple  cylindrical 
chamber  insert  tests.  The  segmented-chamber  insert  has  had  the  effect  of  lessening  the 
degree  of  the  double  hump  at  peak  pressure.  As  seen  in  Table  5,  the  performance  parameters 
compare  fairly  well  for  a  nonoptimized  system,  except  for  Round  09.  When  comparing  the 
performance  data  to  that  of  the  simple  cylindrical  chamber  firings  shown  in  Table  3,  the 
performance  of  the  two  systems  is  nominally  the  same. 


Table  4.  System  Parameters  for  Simple  Segmented-Chamber  Insert  Test  Series. 


Round  No. 


LP 


OTTO  II 


OTTO  !l 


LP  Volume  (cc) 


124 


127 


LP  Mass  (g) 


152.5 


156.2 


Projectile  Mass  (g) 


457 


457 


Propellant  Mass  in 
Igniter  (g) 


0.7996 


0.8005 


Propellant  Mass  in 
Booster  (g) 


15.2 


15.2 


10 


OTTO  I 


128 


157.4 


457 


0.8016 


15.2 


11 


OTTO  I! 


120 


147.6 


457 


0.8036 


15.2 


Simple  Segmented  Chamber  Insert 


Rounds  8,  9,  10,  S  11  (Actual  Ignition  Delay) 


Figure  9.  Simple  Segmented-Chamber  Insert  Test  Results. 


Simple  Segmented  Chamber  Insert 
Rounds  8,9jlB  &  11— Compensated  For  Ignition  Dela^ 


Figure  10.  Simple  Segmented-Chamber  Insert  Test  Results  Compensated  for  Ignition  Delay. 


Simple  Segmented  Chamber  Insert 


TIME 

Figure  1 1 .  Simple  Segmented-Chamber  Insert  Test  Results 
Compensated  for  Ignition  Delay  Plotted  Without  Round  9. 
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Table  5.  Performance  Comparison  for  Simple  Segmented-Chamber  insert  Test  Series. 


Round  No. 

Maximum  Chamber  Pressure  -  P3  (MPa) 

Velocity  (m/s) 

8 

148 

811 

9 

198 

835 

10 

164 

821 

11 

165 

806 

Average  (8,9,10,11) 

169 

818 

Standard  Deviation  (8,9,10,11) 

21.0  (12.4%) 

12.8  (1.6%) 

Average  (8,10,11) 

159 

813 

Standard  Deviation  (8,10,11) 

9.5  (6,0%) 

7.6  (0.9%) 

3-8  Transitioned  Segmented-Chamber  Insert  Tests.  Three  rounds  were  fired  using  the 
transitioned  segmented-chamber  insert  shown  in  Figure  3c.  The  subchambers  were  angled 
at  the  igniter  end  in  an  effort  to  more  closely  couple  the  igniter  gases  to  each  of  the 
subchambers.  System  parameters  for  each  of  the  three  rounds  are  shown  in  Table  6.  In  each 
case,  both  the  round  and  the  charge  were  loaded  in  exactly  the  same  manner  as  in  the  case 
of  the  previous  two  test  series.  Figure  1 2  shows  the  pressure-time  curves  for  each  of  the  three 
rounds.  Once  again,  the  ignition  delay  varies  by  the  same  magnitude  as  previous  designs. 
As  expected,  when  the  pressure-time  curves  are  plotted  without  consideration  for  the  time 
delay,  the  early  portions  of  the  curves  overlay  as  shown  in  Figure  13.  Another  important 
feature  that  the  plots  exhibit  is  that  the  shape  of  the  curve  at  the  peak  is  again  slightly  different 
than  that  of  both  the  simple  cylindrical  chamber  insert  tests  and  the  simple  segmented-cham¬ 
ber  insert  tests.  The  transitioned  segmented  chamber  insert  has  had  the  effect  of  nearly 
eliminating  the  double  hump  at  peak  pressure.  As  seen  in  Table  7,  the  performance 
parameters  compare  fairly  well  for  a  nonoptimized  system.  When  comparing  the  performance 
data  to  that  of  the  simple  cylindrical  chamber  insert  firings  shown  in  Table  3,  and  to  those  of 
the  simple  segmented-chamber  insert  firings  shown  in  Table  5,  the  performance  is  again 
nominally  the  same. 
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Table  6.  System  Parameters  for  Transitioned  Segmented-Chamber  Insert  Test  Series. 


Round  No. 

LP 

LP  Volume  (cc) 

LP  Mass  (g) 

Projectile  Mass  (g) 

Propellant  Mass 

In  Igniter  (g) 

Propellant  Mass 

in  Booster  (g) 

12 

OTTO  II 

121 

148.2 

457 

0.8016 

15.2 

13 

OTTO  11 

124 

152.5 

457 

0.8060 

15.2 

14 

OTTO  11 

123  1 

151.3  1 

457 

0.8033 

15.2 

Transitioned  Segmented  Chamber  Insert 


TIME 

Figure  12.  Transitioned  Segmented-Chamber  Test  Results. 


Transitioned  Segmented  Chamber  Insert 


Rounds  IZ, 13j  &  14— Compensated  For  Ignition  Delay 


Figure  13.  Transitioned  Segmented-Chamber  Test  Results  Compensated  for  Ignition  Delay. 
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Table  7.  Performance  Comparison  for  Transitioned  Segmented-Chamber  Insert  Test  Series. 


In  each  of  the  three  configurations  presented  here,  the  coupling  of  the  solid  propellant  to 
the  LP  was  very  smooth,  and  the  subsequent  rise  to  peak  pressure  compares  quite  well  in  all 
cases.  As  shown  in  Figure  14,  the  main  difference  in  the  pressure-time  curve  from  one 
configuration  to  the  next  occurs  at  peak  pressure.  The  simple  cylindrical  chamber  configura¬ 
tion,  the  classical  BLPG  baseline,  exhibited  the  classical  double-humped  pressure-time  trace. 
The  simple  segmented  configuration  exhibited  less  of  a  double-humped  pressure-time  curve. 
In  the  case  of  the  transitioned  segmented  configuration,  the  double-humped  pressure-time 
curve  was  almost  eliminated. 

The  reason  for  the  variance  in  the  pressure-time  curve  from  one  configuration  to  the  next 
may  prove  critical  to  understanding  the  BLPG  process.  One  possible  explanation  is  that 
segmenting  only  the  middle  of  the  chamber  allowed  the  segmented  portion  to  act  as  a  very 
high-pressure  igniter.  In  each  configuration,  the  volume  in  the  nylon  chamber  insert  was  kept 
approximately  the  same.  If  one  calculates  the  volume  opened  up  behind  the  projectile  due  to 
the  initial  projectile  travel  up  to  the  time  of  peak  pressure  (through  the  use  of  the  microwave 
interferometer),  it  is  about  the  same  as  the  volume  of  the  nylon  chamber  insert.  It  is  speculated 
that  a  portion  of  the  LP  was  ignited  before  the  igniter  gas  plume  blew  through  into  the  forward 
area  of  the  chamber;  which  was  the  same  configuration  as  the  classic  BLPG  case.  At  this 
time,  there  is  a  slight  drop  in  pressure  due  to  the  increased  volume  vacated  by  the  projectile. 
Mixing  occurrs  which  is  robust  enough  to  smoothly  burn  the  remainder  of  the  LP.  In  the  case 
of  the  segmented-chamber  configurations,  the  propellant  in  the  chamber  insert  burns  more 
uniformly  and  initiates  better  mixing  as  the  three  high-pressure  plumes  blow  into  the  forward 
portion  of  the  chamber;  resulting  in  a  smoother  pressure-time  curve. 


At  this  time  not  much  more  can  be  said  concerning  the  effectiveness  of  the  concept  in 
controlling  the  ballistic  variability  in  BLPGs.  Based  on  the  previous  explanation,  it  is  felt  that 
by  segmenting  the  entire  chamber,  more  control  could  be  achieved  by  eliminating  the  classical 
BLPG  configuration  in  the  forward  portion  of  the  chamber.  It  is  evident  from  the  consistency 
in  the  pressure-time  curves  to  near-peak  pressure  that  the  solid  propellant  igniter  allows  a  great 
deal  of  control  and  repeatability  of  the  early  combustion  event.  However,  this  does  not  assure 
repeatable  ballistics  based  on  the  pressure-time  curves  later  in  the  combustion  process  and 
the  performance  comparisons  presented  here.  This  supports  an  earlier  postulate  that 
repeatability  of  the  igniter  is  a  neccessary,  but  not  a  sufficient  condition  to  ensure  stable 
ballistics  (Knapton  and  Stobie  1979;  Knapton  et  al.  1978). 


TIME 

Figure  14.  Comparison  of  Pressure-Time  Histories  for  Simple  Cylindrical,  Simple 
Segmented,  and  Transitioned  Segmented-Chamber  Inserts. 


3.9  XM46  Propellant  Tests.  The  series  of  tests  performed  using  OTTO  II  monopropellant 
demonstrated  that  segmenting  the  combustion  chamber  of  a  BLPG  had  noticeable  effects  on 
the  ballistic  process  and  that  a  reasonable  level  of  control  of  the  combustion  process  was 
achieved  up  to  maximum  pressure.  Based  on  these  rather  encouraging  results,  we  decided 
to  evaluate  the  effects  of  the  segmented-chamber  concept  using  the  HAN-based  propellant 
XIV146.  As  previously  stated,  XM46  has  been  demonstrated  to  be  more  difficult  to  ignite  than 
OTTO  II  monopropellant  and  there  was  a  great  deal  of  concern  that  this  would  cause  problems 
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with  demonstrating  the  effectiveness  of  this  system  in  XM46.  The  system  configuration  shown 
in  Figure  5  was  used  with  the  simple  cylindrical  chamber  insert  to  act  as  a  baseline  for  future 
testing.  Figure  15  shows  the  chamber  pressure  and  microwave  interferometer  from  this  test. 


TIME 

Figure  15.  Example  of  Poor  Ignition  of  XM46  in  a  BLPG. 

As  suspected,  the  ballistic  process  proved  to  be  drastically  different.  The  early  pressure 
rise  up  to  20  -  30  MPa  agrees  quite  well  with  that  of  earlier  testing.  However,  XM46  proved 
much  more  difficult  to  ignite.  As  the  pressure  increased  to  about  60  MPa,  a  change  in  slope 
can  be  observed  as  if  some  amount  of  LP  begins  to  burn.  However,  the  pressure  drops  soon 
after  increasing,  suggesting  either  a  lack  of  sustained  combustion  or  that  the  gas  generation 
rate  can  not  keep  up  with  the  increasing  volume  caused  by  projectile  motion.  The  sharp 
pressure  excursion  at  about  5.7  ms  is  likely  an  artifact  of  the  pressure  measurement.  As  the 
LP  blows  through  into  the  forward  portion  of  the  combustion  chamber,  mixing  is  not  robust 
enough  initially  to  burn  the  remainder  of  the  propellant  (5.6  ms  -  6  ms).  As  mixing  continues 
with  undefined  burning  surface  area,  the  condition  required  for  the  remainder  of  the  bulk- 
loaded  charge  to  ignite  is  reached,  and  it  rapidly  ignites.  As  in  past  bulk  liquid  propellant 
programs,  the  condition  needed  to  initiate  the  XM46  in  a  controlled  manner  is  not  known.  This 
test  was  repeated  with  similar  results.  Investigations  are  ongoing  into  system  modifications  to 
ignite  XM46  in  a  controlled  manner  and  maintain  more  stable  ballistics. 


The  fact  that  the  system  configuration  used  quite  successfully  with  OTTO  II  monopropellant 
does  not  exhibit  stable  ballistics  when  using  Xl\/146  is,  to  say  the  least,  very  interesting.  In  light 
of  the  very  different  chemical  compositions  of  the  two  propellants,  this  may  suggest  that 
chemical  kinetics  plays  a  major  role  in  the  bulk-loaded  LP  burn  process.  At  this  time,  this  is 
only  an  observation,  and  nothing  more  can  be  said  about  the  importance  of  chemical  kinetics 
in  bulk-loaded  LP  processes  versus  the  role  that  hydrodynamics  may  play  relative  to  the 
generation  of  surface  area  and  subsequent  gas  generation  rates. 

The  importance  of  an  appropriate  ignition  system  to  the  bulk-loaded  LP  process  is  well 
documented  in  literature.  The  data  presented  here  support  this  assertion.  Interestingly,  recent 
work  by  Talley  and  Owczarczak  (1992)  at  Veritay  Technology  Incorporated  has  shown  that 
there  is  not  much  difference  in  the  ballistics  for  a  20-mm  BLPG  gun  firing  using  OTTO  II 
monopropeilant  and  for  a  20-mm  BLPG  gun  firing  using  XM46.  Figure  16  shows  a  comparison 
of  chamber  pressure  histories  for  a  20-mm  BLPG  firing  using  OTTO  II  monopropellant  and 
XM46,  respectively.  Both  tests  were  fired  under  the  same  system  configuration  using  an  axial 
igniter.  For  the  most  part,  the  two  curves  exhibit  very  similar  behavior,  unlike  the  data  presented 
in  this  report  for  the  two  different  propellants.  These  data,  contrary  to  our  tests,  do  not  support 
the  assertion  that  chemical  kinetics  plays  a  major  role  in  the  bulk-loaded  LP  burn  process  of 
a  20-mm  BLPG.  It  is  evident,  however,  that  system  parameters  such  as  chamber  volume, 
chamber  L/D,  and  ignition  configuration  are  key  parameters  for  controlling  the  BLPG  ignition 
and  combustion  processes. 


Figure  16.  Comparison  of  Pressure-Time  Histories  for  a  20-mm  BLPG  Using  OTTO  II 

Monopropellant  and  XM46. 
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4.  CONCLUSIONS 

Based  on  the  experimental  data  presented  here,  it  is  evident  that  segmenting  the 
combustion  chamber  changed  the  combustion  evolution  of  the  37-mm  BLPG  system  when 
OTTO  II  monopropellant  was  used.  The  performance  comparisons  presented  here  show 
consistency  on  a  shot-to-shot  basis  within  a  particular  series.  The  pressure-time  histories  are 
reasonably  well  behaved  for  a  nonoptimized  system.  Subsequent  tests  designed  to  investigate 
the  feasibility  of  achieving  the  same  result  using  XM46  indicated  that  XM46  is  more  difficult  to 
ignite  and  therefore  did  not  exhibit  the  same  ballistic  results.  Data  were  presented  which 
demonstrated  comparable  ballistic  results  when  using  OTTO  II  monopropellant  and  XM46  in 
a  20-mm  BLPG  ignited  by  an  axial  igniter.  It  was  asserted  that  chemical  kinetics  may  play  a 
major  role  in  the  bulk-loaded  LP  burn  process  of  the  37-mm  BLPG  system  investigated. 
However,  this  does  not  agree  with  test  results  from  the  20-mm  BLPG  configuration  used  by 
Talley  and  Owczarczak  (1992)  at  Veritay  Technology  Incorporated. 

Future  testing  in  segmented-chamber  BLPG  technology  will  be  continued  at  the  ARL.  The 
emphasis  will  be  in  the  transition  of  the  successful  approaches  presented  here  for  OTTO  II 
monopropellant  to  a  system  using  XM46.  Further,  segmentation  of  the  entire  combustion 
chamber  will  be  effected  in  an  effort  to  control  the  ballistic  process.  A  high-pressure  fixture  is 
being  built  to  facilitate  BLPG  firings  without  the  constraints  of  a  restricted  pressure  envelope. 
Future  tests  will  involve  decreasing  the  size  of  the  solid  propellant  booster,  using  faster  burning 
solid  propellants  and  higher  igniter  loading  densities,  to  effect  the  segmented-chamber 
approach  in  a  medium-caliber  system  using  XM46.  Alternative  segmented-chamber  configura¬ 
tions  will  also  be  explored. 
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ATTN  K  JAKUS 

DEPT  OF  MECHANICAL  ENGRG 
AMHERST  MA  01002-0014 

1  UNIV  OF  MINNESOTA 

ATTN  E  FLETCHER 
DEPT  OF  MECHANICAL  ENGRG 
MINNEAPOLIS  MN  55414-3368 

3  PENNSYLVANIA  STATE  UNIV 
ATTN  V  YANG 

K  KUO 
C  MERKLE 

DEPT  OF  MECHANICAL  ENGRG 
UNIVERSITY  PARK  PA  16802-7501 

1  RENSSELAER  POLYTECHNIC  INSTITUTE 

DEPT  OF  MATHEMATICS 
TROY  NY  12181 

1  STEVENS  INSTITUTE  OF  TECHLGY 

ATTN  R  MCALEVY  III 
DAVIDSON  LABORATORY 
CASTLE  POINT  STATION 
HOBOKEN  NJ  07030-5907 

1  RUTGERS  UNIVERSITY 

ATTN  S  TEMKIN 

DEPT  OF  MECH  AND  AEROSPACE  ENGRG 
UNIVERSITY  HEIGHTS  CAMPUS 
NEW  BRUNSWICK  NJ  08903 

1  UNIV  OF  UTAH 

ATTN  A  BAER 

DEPT  OF  CHEMICAL  ENGRG 
SALT  LAKE  CITY  UT  841 12-1 194 

1  WASHINGTON  STATE  UNIV 

ATTN  C  T  CROWE 
DEPT  OF  MECHANICAL  ENGRG 
PULLMAN  WA  99163-5201 
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1  ARROW  TECHLGY  ASSOC  INC 
ATTN  W  HATHAWAY 

PO  BOX  4218 

SOUTH  BURLINGTON  VT  05401-0042 

3  AAI  CORPORATION 
ATTN  J  FRANKLE 
D  CLEVELAND 
J  HEBERT 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

2  ALLIANT  TECHSYSTEMS  INC 
ATTN  R  E  TOMPKINS 

J  KENNEDY 
600  SECOND  ST  NE 
HOPKINS  MN  55343 

1  AVCO  EVERETT  RESEARCH  LABORATORY 

ATTN  D  STICKLER 
2385  REVERE  BEACH  PKWY 
EVERETT  MA  02149-5936 

1  GENERAL  APPLIED  SCIENCES  LAB 

ATTN  J  ERDOS 
77  RAYNOR  AVE 
RONKONKAMA  NY  11779-6649 

1  UNITED  DEFENSE  LTD  PARTNERSHIP 

ATTN  ANTHONY  GIOVANETTI 
4800  EAST  RIVER  RD 
MINNEAPOLIS  MN  55421 

5  LOCKHEED  MARIETTA  DEFENSE  SYSTEMS 

ATTN  J  MANDZY 
I MAGOON 
P  JORDAN 
D  COOK 
R  PATE 

100  PLASTICS  AVE 
PITTSFIELD  MA  01201-3698 


4  HERCULES  INC 
ATTN  L  GIZZI 
D  A  WORRELL 
W  J  WORRELL 
C  CHANDLER 

RADFORD  ARMY  AMMO  PLANT 
RADFORD  VA  24141-0299 

2  HERCULES  INC 

ATTN  WILLIAM  B  WALKUP 
THOMAS  F  FARABAUGH 
ALLEGHENY  BALLISTICS  LAB 
POBOX  210 

ROCKET  CENTER  WV  26726 

1  HERCULES  INC 

ATTN  R  CARTWRIGHT 
AEROSPACE 
100  HOWARD  BLVD 
KENVILLE  NJ  07847 

1  HERCULES  INC 

ATTN  B  M  RIGGLEMAN 
HERCULES  PLAZA 
WILMINGTON  DE  19894 

1  MBR  RESEARCH  INC 

ATTN  DR  MOSHE  BEN  REUVEN 
601  EWING  ST  STE  C  22 
PRINCETON  NJ  08540 

1  OLIN  CORPORATION 

ATTN  F  E  WOLF 
BADGER  ARMY  AMMO  PLANT 
BARABOO  Wl  53913 

3  OLIN  ORDNANCE 
ATTN  E  J  KIRSCHKE 
A  F  GONZALEZ 

D  W  WORTHINGTON 
PO  BOX  222 

ST  MARKS  FL  32355-0222 


1  IITRI 

ATTN  M  J  KLEIN 
10  W  35TH  STREET 
CHICAGO  IL  60616-3799 


1  OLIN  ORDNANCE 
ATTN  H  A  MCELROY 
10101  9TH  ST  NORTH 
ST  PETERSBURG  FL  33716 


1  PAUL  GOUGH  ASSOC  INC 
ATTN  P  S  GOUGH 
1048  SOUTH  ST 
PORTSMOUTH  NH  03801-5423 
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1  PHYSICS  INTERNATIONAL  LIBRARY 

ATTN  H  WAYNE  WAMPLER 
PO  BOX  5010 

SAN  LEANDRO  CA  94577-0599 

1  PRINCETON  COMBUSTION  RSRCH  LABS  INC 
ATTN  N  A  MESSINA 

PRINCETON  CORPORATE  PLAZA 
11  DEERPARK  DR  BLDG  IV  SUITE  119 
MONMOUTH  JUNCTION  NJ  08852 

3  ROCKWELL  INTRNTNL 

ATTN  BA08 
J  FLANAGAN 
J  GRAY 
R  B  EDELMAN 
ROCKETDYNE  DIV 
6633  CANOGA  AVE 
CANOGA  PARK  CA  91303-2703 

2  ROCKWELL  INTRNTNL  SCIENCE  CTR 
ATTN  DR  S  CHAKRAVARTHY 

DR  S  PALANISWAMY 
1049  CAMINO  DOS  RIOS 
POBOX  1085 

THOUSAND  OAKS  CA  91360 

1  SCIENCE  APPLICATIONS  INTRNTNL  CORP 

ATTN  M  PALMER 
2109  AIR  PARK  RD 
ALBUQUERQUE  NM  87106 

1  SOUTHWEST  RSRCH  INSTITUTE 

ATTN  J  P  RIEGEL 
6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 

1  SVERDRUP  TECHLGY  INC 

ATTN  DR  JOHN  DEUR 
2001  AEROSPACE  PWY 
BROOK  PARK  OH  44142 

3  THIOKOL  CORPORATION 
ATTN  R  WILLER 

R  BIDDLE 
TECH  LIB 
ELKTON  DIVISION 
PO  BOX  241 
ELKTON  MD  21921-0241 


1  UNIVERSAL  PROPULSION  COMPANY 

ATTN  H  J  MCSPADDEN 
25401  NORTH  CENTRAL  AVE 
PHOENIX  AZ  85027-7837 

1  SRI  INTERNATIONAL 

ATTN  TECH  LIB 
PROPULSION  SCIENCES  DIV 
333  RAVENWOOD  AVE 
MENLO  PARK  CA  94025-3493 

3  VERITAY  TECHNOLOGY  INC 
ATTN  E  FISHER 
R  TALLEY 
J  OWCZARKCZAK 
4845  MILLERSPORT  HWY 
EAST  AMHERST  NY  14501-0305 
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ABERDEEN  PROVING  GROUND 


1  CDR,  USACSTA 

ATTN:  STECS  LI,  R  HENDRICKSEN 

100  DIR,  USARL 

ATTN:  AMSRL-WT, 

I.  MAY 

D.  ECCLESHALL 
AMSRL-WT-P, 

A.  HORST 

J.  DANTE 

AMSRL-WT-WG,  P.  KASTE 
AMSRL-WT-PC, 

R.  FIFER 
G.  ADAMS 
W.  ANDERSON 

R.  BEYER 

S.  BUNTE 

A.  COHEN 

B.  FORCH 
A.  KOTLAR 

J.  HEIMERL 
M.  MILLER 
A.  MIZIOLEK 

M.  SCHROEDER 
J.  VANDERHOFF 
AMSRL-WT-PA, 

T.  MINOR 
A.  BIRK 

C.  BULLOCK 
T.  COFFEE 

M.  DEL  GUERCIO 
J.  DE  SPIRITO 
A.  JOHNSON 
A.  JUHASZ 
G.  KATULKA 

J.  KNAPTON 
C.  LEVERITT 
M.  MCQUAID 
W.  OBERLE 
P.  REEVES 

I.  STOBIE 
P.  TRAN 

K.  WHITE 
G.  WREN 

R.  ANDERSON 
A.  BRANT 
L-M.  CHANG 

J.  COLBURN 
P.  CONROY 
J.  HEWITT 


AMSRL-WT-PA  (CONT) 

S.  HOWARD 
G.  KELLER 

D.  KOOKER 

D.  KRUCZYNSKI 
F.  LIBERATORE 
M.  NUSCA 
M.  RIDGLEY 

F.  ROBBINS 

T.  ROSENBERGER  (6  CPS) 

C.  RUTH 

J.  TUERK 

A.  WILLIAMS 
AMSRL-WT-PD, 

G.  GAZONAS 
M.  LEADORE 
R.  LIEB 

B.  BURNS 

A.  ABRAHAMIAN 

K.  BANNISTER 
J.  BENDER 

L.  BURTON 
W.  DRYSDALE 
T.  ERLINE 

A.  FRYDMAN 

D.  HOPKINS 

R.  KASTE 

S.  WILKERSON 
AMSRL-WT-T,  W.  MORRISON 
AMSRL-WT-TA, 

W.  GILLICH 

M.  BURKINS 
AMSRL-WT-TB, 

R.  FREY 

L.  VANDE  KIEFT 
AMSRL-WT-TC, 

W.  DE  ROSSET 

B.  SORENSEN 

G.  SILSBY 

AMSRL-WT-TD,  A.  DIETRICH 
AMSRL-WT-W,  C.  MURPHY 
AMSRL-WT-WG,  L.  PUCKETT 
AMSRL-WT-WA, 

H.  ROGERS 

A.  BARAN 

B.  MOORE 
AMSRL-WT-WB, 

W.  D’AMICO 
F.  BRANDON 
AMSRL-WT-WC, 

T.  BROSSEAU 
B.  HAUG 
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AMSRL-WT-WC  (CONT), 
M.  KREGEL 
J.  ROCCHIO 

AMSRL-WT-WD,  A.  NIILER 
AMSRL-WT-WE. 

J.  TEMPERLEY 
J.  THOMAS 
AMSRL-WT-PB, 

E.  SCHMIDT 
M.  BUNDY 
P.  PLOSTINS 
D.  LYONS 


USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers 
to  the  items/questions  below  wiU  aid  us  in  our  efforts. 

1.  ARL  Report  Number  ARL-TR-871 _ Date  of  Report  September  1995 _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report 

win  be  used.) _ 


4.  SpecificaUy,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  doUars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.) _ 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the 
Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
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